Abstract The House Sparrow Passer domesticus is traditionally associated with human habitation. However, the species has undergone dramatic declines in many urban areas in north-western Europe. There are many theories as to why this decline has occurred, but the lack of data on House Sparrow numbers prior to their decline has hampered efforts to investigate these theories in detail. This review summarises the demographic changes in urban House Sparrow populations since the 1970s, and considers evidence that the current distribution of House Sparrows may reflect changes in urban habitats caused by socioeconomic change. Evidence is mounting that, within urban landscapes, House Sparrows appear to be more prevalent in areas with a relatively low human socioeconomic status. Here, we present evidence to suggest that House Sparrows may have disappeared predominantly from more affluent areas, and that these areas are more likely to have undergone changes to habitat structure. We also show how these changes in habitat could influence House Sparrow populations via impacts upon nesting success, foraging and predation risk.
Introduction
As a landscape becomes more urbanised, avian population density often increases. However, species diversity tends to decrease in comparison to other habitat types (Beissinger and Osbourne 1982; Blair 1996; Marzluff et al. 2001) . The House Sparrow (Passer domesticus, Linnaeus) is traditionally associated with human habitation, and is one of the few species that generally persists as urbanisation increases. It is a widespread species, but in recent years there has been an abrupt decline in House Sparrow numbers in urban areas throughout north-western Europe, the cause of which is not known at present, although several hypotheses have been suggested (Summers-Smith 2003) .
House Sparrows were so common they were regarded as a pest species during the eighteenth and nineteenth centuries (Crick 2002) , particularly in towns and cities. However, populations have been declining in many urban areas since the mid-1980s (Crick 2002) . In the UK, this trend is particularly apparent in the south and east, which hold just over 50% of the sparrow population (Siriwardena et al. 2002) . The overall population of UK House Sparrows is estimated to have declined from approximately 13 million pairs in the early 1970s to around 6 million pairs by the late 1990s (Crick and Siriwardena 2002; Robinson et al. 2005 ). This decline is so widespread that the House Sparrow is currently on the red list reserved for species of special conservation concern in the UK (Gregory et al. 2003) . Similar declines have been reported in urban areas throughout north-western Europe (e.g. Prowse 2002; Mulsow 2005 Mulsow , 2006 Stastny et al. 2005; Heij 2006) . As a result, the House Sparrow is now listed as a species of European conservation concern (SPEC category 3; Birdlife International 2006). Although little historical data is available, population monitoring of House Sparrows has increased since the 1970s, and a more detailed picture of the state of the House Sparrow in Europe is beginning to emerge.
Here, we review the demographic changes to House Sparrow populations in the UK, and summarise the changes to populations in European cities where data are available. We discuss recent evidence suggesting that the current distribution of House Sparrows in many urban areas is linked to human socioeconomic status, and consider potential mechanisms to explain a possible link between House Sparrow populations and social deprivation. We focus on three ways in which socioeconomic status could influence House Sparrow populations: by creating differences in habitat structure which may impact upon foraging success; by causing indirect effects such as increased predation risk; and potential effects on nest site availability. Finally, we consider how urban regeneration and redevelopment may affect House Sparrow populations on a city-wide scale.
Demographic changes
Population monitoring in the UK has provided a relatively detailed picture of House Sparrow numbers. A number of surveys have shown declines both in the wider countryside (Marchant et al. 1990; Robinson et al. 2005; Raven and Noble 2006) and especially in private gardens Chamberlain et al. 2005; Toms 2006 ) since the mid-to late 1970s. There is evidence that declines vary both geographically and according to habitat. Raven and Noble (2006) showed that declines are occurring in most urbanised parts of England, whereas in Scotland and Wales, populations are increasing. Furthermore, Chamberlain et al. (2005) suggest that declines started earlier in suburban gardens than rural gardens. The timing of the decline in urban areas and the sedentary nature of House Sparrows would suggest that urban and rural populations are relatively isolated from each other, and that the urban population decline is not a result of decreased immigration from farmland areas as a result of agricultural intensification (Siriwardena et al. 2002) . House Sparrow populations within a city are likely to overlap more than those in rural areas, as they exist in closer proximity to each other. However, adult House Sparrows rarely disperse over distances of more than 2 km even outside the breeding season (Snow and Perrins 1998). A genetic study of four rural House Sparrow populations showed very restricted movement between populations (Hole et al. 2002) , which suggests that rural House Sparrows are unlikely to be a source of recruitment to the urban breeding population.
Data from long-term UK-wide nest monitoring under the Nest Record Scheme (NRS) show that nest failure rates in House Sparrows were higher in urban/suburban than rural habitats (Crick 2002) . However, a caveat on the interpretation of NRS data is that measures are only per nesting attempt, rather than over a whole season. If, for example, a lack of food led to fewer nesting attempts and lower overall productivity per breeding season, this would not be detected. This, and differences in population growth rates in relation to breeding performance, suggest that the mechanisms driving population trends in rural and urban/ suburban habitats differ, and it is therefore appropriate to consider the two habitats separately.
Detailed data on House Sparrow populations in other European countries are not as readily available as for the UK. However, population monitoring in individual cities has also provided evidence for a broad scale population decline. This appears to be the case for many cities across north-western Europe, although in others no evidence of a decline has been noted. Table 1 provides a summary of cities for which trends in the House Sparrow population are available.
A link to socioeconomic status
The distribution of House Sparrows within urban areas is often very patchy, and recent evidence suggests that human socioeconomic status may provide a partial explanation for Luniak (2005) this. It appears that the remaining House Sparrow colonies are biased towards relatively deprived areas in many cities. For example, in Bristol, UK, House Sparrows are still common in the most deprived areas of the city as measured by the English Indices of Deprivation (Noble et al. 2004 ), but they are almost completely absent from areas which have a higher socioeconomic status (Bland 1998) . Similarly, in Norwich, most remaining sparrow colonies are to be found on council estates in the north of the city (Paston 2000) . Evidence from Paris and Berlin also links House Sparrows with deprived areas (Witt 2000 (Witt , 2005 Malher, unpublished data) . If this link is confirmed, it is likely that changes to areas with a high socioeconomic status have contributed to the decline of sparrow populations in those areas, whilst lower status areas have been relatively unaffected. Recent evidence suggests that areas of varying socioeconomic status do experience different levels of habitat change over time (Pauleit et al. 2005) . Possible changes in habitat, and their effects on biodiversity are considered below, with particular reference to the potential impacts on House Sparrow populations in areas of differing socioeconomic status.
Garden management
Private gardens provide substantial resources for urban birds. However, in recent years an increase in home improvements and demand for off-road parking has led to changes in habitat structure within gardens (Pauleit et al. 2005) . The presence of rough grass, nettles and weedy patches is linked to increased bird diversity in urban areas (Chamberlain et al. 2007a) , which suggests that tidy gardens with high proportion of paving are less suitable habitat for foraging birds. This may cause problems for adult House Sparrows in the breeding season, when insectbased food is required for nestlings. Whilst there have been few studies of urban arthropods (McIntyre 2000), Vincent (2005) found that House Sparrow fledging success was higher in areas where insect abundance was high, and chicks were less likely to starve when fed a high proportion of insectivorous as opposed to vegetable food. This study also showed that urban House Sparrows have more success in fledging young in areas containing a high proportion of deciduous shrubs and relatively little concrete. It is likely that gardens in more deprived areas will consist of more suitable habitat for House Sparrows than those in areas with a higher socioeconomic status. Relatively deprived areas are likely to contain a high proportion of native shrubs, and traditional council estates provide large blocks of garden habitat (especially back-to-back terraced housing) which can provide cover and insects for foraging birds. Evidence from areas such as Norwich, UK, appears to support this theory (Paston 2000) . However, in more affluent areas, the planting of predominantly ornamental shrubs and increased demand for off-street parking is likely to reduce the amount of habitat available to House Sparrows. In London, for example, it is estimated that around two-thirds of front gardens are now at least partially covered by paving as opposed to vegetation (London Assembly 2005a) . A recent study of land cover change in Merseyside, UK, noted that loss of front gardens in order to provide paved parking areas was of particular concern in more affluent areas (Pauleit et al. 2005 ).
Indirect effects of habitat structure
Reducing the amount of foraging habitat available to House Sparrows is also likely to have indirect effects on survival and productivity. Factors such as predation and pollution are likely to affect urban birds at a city-wide scale, but may have a greater impact in areas of high socioeconomic status, where loss of greenery is already a problem. The interaction between predation risk and habitat structure has been documented by Whittingham and Evans (2004) in farmland habitats. This paper suggests that a mosaic of short and long grass may provide the optimal habitat to maximise foraging efficiency. Urban gardens also have a mosaic-like structure. However, the trend towards replacing native shrubs with paving or concrete (London Assembly 2005a) could cause the habitat structure of some areas to become more homogeneous, thereby increasing predation risk for foraging birds.
Sparrowhawks Accipiter nisus are common predators in urban habitats (Chamberlain et al. 2007b) . House Sparrows appear to be especially vulnerable to predation by Sparrowhawks (Götmark and Post 1996) , but there is no evidence that declines in House Sparrow abundance in urban gardens are linked to the recent population increase of Sparrowhawks in the UK (Chamberlain et al., in preparation) . Domestic cats Felis catus are also capable of having a substantial negative impact on House Sparrow populations, and this has been identified as a possible factor in their decline (Churcher and Lawton 1987; Woods et al. 2003) . The UK population of cats was estimated to be capable of predating 27 million birds in a 5-month period during 1997 (Woods et al. 2003) , and a recent study in Bristol by Baker et al. (2005) found that House Sparrows were among the few species where predation rates by cats were high enough to have a detrimental effect on the local population. In areas where individuals are under increased foraging pressure due to suboptimal habitat, the risk of predation by cats or other birds may increase enough to affect population levels. Even if survival of adult birds is not immediately affected by increased predation risk, the survival of juvenile birds may be affected if adults spend more time avoiding predation.
Evidence from previous studies suggests that nest failure rates are high in some urban areas due to increased foraging or predation pressure. Although House Sparrow nest failure rates declined between 1975 and 2000 (Crick 2002 ), overall failure rates were significantly higher in urban/ suburban habitats. This could indicate greater predation pressure in these habitats, but information on the cause of failures (e.g. predation, starvation or other factors) is not available. In addition, evidence from a study of House Sparrows in Leicester, UK, showed that the weight of chicks just prior to fledging was relatively low (Vincent 2005) , a factor which is known to be linked to decreased post-fledging survival in a number of passerines (e.g. Garnet 1981; Magrath 1991) . This, combined with a lack of food in late summer, could mean that recruitment of young birds to the breeding population is very low in some urban areas, particularly those with a low proportion of greenery.
It should also be noted that there may be more subtle effects of increased predation pressure that may alter birds' behaviour, including habitat selection (Suhonen 1993) , flocking tendency in winter (Székely et al. 1989) , and fat loading (Gosler et al. 1995) . A recent study by MacLeod et al. (2006) found that adult House Sparrows in the UK appear to limit their uptake of fat in winter, suggesting they may be subject to mass-dependent predation effects. Increased predation may therefore have subtle and indirect effects that are not detectable through simple correlative studies, but may be enough to affect the survival and future reproductive success of individuals, particularly in suboptimal habitat. In areas with a low level of social deprivation, it is therefore possible that loss of vegetation in urban gardens may increase predation risk to a level that the population cannot sustain.
Nest site availability
House Sparrows often nest in the roof cavity of buildings, either under the tiles themselves or in and around the sofits and fascias. There is evidence to suggest that certain tile types and building methods may provide more suitable nesting sites for sparrows than others, and that these more suitable nesting spaces may be more abundant in areas with a low socioeconomic status. A recent small-scale survey of House Sparrow nests in Bristol, UK, found that they were strongly associated with roof tile types that are curved, as these provide large holes which are more accessible to sparrows (J. Tully, personal communication). In addition, plastic is replacing wood and cast iron as the material commonly used for sofits and fascias of houses. As wooden fascia boards rot, they create holes that can be used by nesting birds. Replacing rotten wooden boards with hardwearing plastic ones may lead to a substantial decrease in the number of nest holes available on a city-wide scale. Therefore older houses, or those in a worse state of repair, are likely to be more suitable as nesting sites.
Evidence linking breeding House Sparrows to houses in poor condition exists in a number of urban areas. A nationwide survey of UK houses found that older (pre-1919) houses were important for hole-nesting birds such as sparrows, and that houses which had recently had repairs to the roofs were less likely to be associated with nesting birds (Wotton et al. 2002) . House Sparrows appeared to avoid newer (post-1985) buildings, and were also much less likely to occur in houses that were built post-1945, and those that had undergone roof repairs in the last 10 years. In Harwich, UK, House Sparrows are also associated with post-war housing, but not with newer developments (Mason 2006) . Less information is available for European cities, but in Vienna and Valencia, House Sparrows are also associated with damaged and neglected buildings (Murgui 2005; Sziemer and Holzer 2005) . House Sparrows in Vienna are seen in old and new developments, but breeding sparrows are commonly associated with the older buildings (Sziemer and Holzer 2005) . As neglected buildings are associated predominantly with areas of low socioeconomic status, it appears that these areas may provide more opportunities for nesting sparrows than areas which have newer buildings or those which have undergone repairs or regeneration. The loss of sparrow colonies from areas following regeneration has been recorded in Berlin (Witt 2000 (Witt , 2005 ), which appears to support a possible link between changing socioeconomic status and House Sparrow population decline.
The wider urban environment
The loss of brownfield sites and green space from urban areas may exacerbate pressure on House Sparrows caused by loss of garden habitat in areas of high socioeconomic status. In addition, increasing levels of development and regeneration in many urban areas are likely to improve the socioeconomic status of human residents, but decrease the available habitat for House Sparrows. The London Assembly (2005b) defines brownfield sites as ''previously developed land....currently or previously occupied by a permanent dwelling''. These sites are often very rich in invertebrates and plants, and provide islands of cover in an urban landscape (Small et al. 2002; Eyre et al. 2003; Mason 2006; Muratet et al. 2007 ). The UK government is currently very keen to promote the use of these brownfield sites for development, and in 2001, 61% of new developments were built on brownfield sites (Office of the Deputy Prime Minister 2003). Similarly, in Paris, the proportion of such land has decreased by 24% in the last 20 years (Muratet et al. 2007 ). Regeneration, whilst likely to improve socioeconomic conditions for human inhabitants, is therefore also reducing the amount of foraging habitat available to urban House Sparrows. This is likely to lead to colony loss in areas where human socioeconomic conditions improve.
Green space that has not been previously developed is also under threat in many urban areas due to regeneration and ''infilling'', which increases housing density due to the purchase of private gardens for development. Loss of green space in Merseyside by this means was greater in more affluent areas between 1975 and 2000 (Pauleit et al. 2005) , when the urban House Sparrow population also declined. However, the current demand for housing suggests that areas where socioeconomic conditions are relatively poor--and therefore where sparrow numbers are potentially high--may become targets for regeneration. A recent study of randomly selected urban sites throughout the UK identified residential areas and allotments as key habitats for House Sparrows, but predicted that a small increase in the proportion of flats (as opposed to houses with gardens) would be enough to cause rapid declines in House Sparrow abundance (Chamberlain et al. 2007b ). Allotments in particular are prime targets for development in London (London Assembly 2006). New housing developments are currently being built at an average density of 22 dwellings per hectare (Entec UK 2004) , and this is planned to increase to around 30 dwellings per hectare in areas such as the south east, where pressure on land is greatest (Office of the Deputy Prime Minister 2003). This is likely to reduce the foraging habitat available to sparrows in many areas undergoing redevelopment. If the trend towards increased housing density in urban areas continues, it is therefore likely that rapid declines in the House Sparrow population will continue in areas where redevelopment is taking place.
Redevelopment may also reduce the number of potential nest sites available even if the number of houses increases, as modern roofs are likely to provide fewer cavities than older ones or those in poor condition. It is also worthwhile to note, however, that House Sparrow populations may be lost even in areas where there are nesting opportunities and resources available. As sparrows are colonial nesters, a small decrease in the size of a colony may inhibit breeding in the remaining individuals. This could lead to the loss of the colony altogether (Summers-Smith 2003) . This phenomenon is known as the Allee effect, and has been documented in a number of species (Veit and Lewis 1996) . In the case of House Sparrows, the increasingly patchy distribution of the remaining urban colonies in many cities has increased the probability that this effect may occur and exacerbate any decline. Once a breeding colony has been lost, the sedentary nature of House Sparrows may also make it difficult for recolonisation to occur. Redevelopment of pockets of land in areas of low socioeconomic status could therefore affect adjacent House Sparrow colonies, by reducing the overall number of nesting sites or foraging opportunities below the level at which the colonies can be sustained.
To date, attempts to determine the causes of decline in urban House Sparrow populations have been through relatively small-scale studies, as the complexity of urban habitats makes broad-scale studies difficult. We suggest that human socioeconomic status may provide a starting point for broader-scale analyses of the factors affecting urban sparrow populations. In particular, the importance of urban green space and brownfield sites should be considered in relation to foraging success and predation risk, and the structure and condition of houses considered in terms of nesting opportunities. This may allow for the development of mitigation measures in areas undergoing regeneration in the future. In addition, this approach could provide invaluable information to assist the planning of new settlements in order to create an urban landscape that is more sympathetic to the needs of the House Sparrow. 
Zusammenfassung

